Acetylcholine (ACh) is a neurotransmitter/neuromodulator in the nematode nervous system and induces its effects through interaction with both ligand-gated ion channels (LGICs) and G protein-coupled receptors (GPCRs). The structure, pharmacology and physiological importance of LGICs have been appreciably elucidated in model nematodes, including parasitic species where they are targets for anthelmintic drugs. Significantly less, however, is understood about nematode ACh GPCRs, termed GARs (G protein-linked ACh receptors). What is known comes from the free-livingCaenorhabditis elegans as no GARs have been characterized from parasitic species. Here we clone a putative GAR from the pig gastrointestinal nematode Ascaris suum with high structural homology to the C. elegans receptor GAR-1. Our GPCR, dubbed AsGAR-1, is alternatively spliced and expressed in the head and tail of adult worms but not in dorsal or ventral body wall muscle, or the ovijector. ACh activated AsGAR-1 in a concentration-dependent manner but the receptor was not activated by other small neurotransmitters. The classical muscarinic agonists carbachol, arecoline, oxotremorine M and bethanechol were also AsGAR-1 agonists but pilocarpine was ineffective. AsGAR-1 activation by ACh was partially antagonized by the muscarinic blocker atropine but pirenzepine and scopolamine were largely ineffective. Certain biogenic amine GPCR antagonists were also found to block AsGAR-1. Our conclusion is that Ascaris possesses G protein-coupled ACh receptors that are homologous in structure to those present in C. elegans, and that although they have some sequence homology to vertebrate muscarinic receptors, their pharmacology is atypically muscarinic. 
Introduction
Nematode cholinergic neurotransmission and neuromodulation are mediated by both ionotropic and metabotropic receptors. Non-selective cation permeable nicotinic acetylcholine receptors (nAChR) and the recently identified ACh-gated chloride channels (Putrenko, et al., 2005) , belong to the family of cys-loop ligand-gated ion channels (LGICs) whereas the G protein-linked acetylcholine receptors (GARs) are rhodopsin-like G protein-coupled receptors (GPCRs). Relatively more research attention has been given to nAChRs as they mediate fast, excitatory neurotransmission and are the site of action of a number of anti-nematodal drugs including levamisole and pyrantel (Robertson and Martin, 1993; Robertson et al., 1994) . Comparatively little is known of the structure, pharmacology and physiological significance of nematode GARs, particularly in parasitic species.
Caenorhabditis elegans offers some insight into the nematode GAR complement with three GARs having been identified Lee et al., 1999 Lee et al., , 2000 . These receptors have sequence homology with the five known classes of vertebrate muscarinic receptors; GAR-1 and GAR-2 are similar to the mammalian sub-types M2 and M4, which preferentially couple to G i/o class G-protein α sub-units, whereas GAR-3 has more homology with M1, M3 and M5, which couple to G q/11 proteins. While the pharmacology of these GAR receptors has not been strenuously interrogated, they are in some ways similar to but in other ways different from, vertebrate muscarinic receptors . Finally, each C. elegans GAR modulates some key nematode behaviours. The expression of GAR-1 in head ciliated sensory neurons and the posterior ventral microtubule (PVM) mechanosensory neuron suggest a role in sensory perception and GAR-1 RNA interference (RNAi)-silenced worms have a "sluggish" locomotory phenotype (Keating et al., 2003) . GAR-2 is expressed in ventral nerve cord motorneurons, cooperatively modulating worm locomotion with GABA B receptors (Dittman and Kaplan, 2008) , and is also expressed in the hermaphroditic specific motorneuron (HSN) vulval motorneuron, where its activation inhibits egg-laying (Bany et al., 2003) . GAR-3 has two known roles; it serves to regulate normal pharyngeal function, allowing appropriate excitation-contraction coupling (Steger and Avery, 2004) and it provides a mechanism for male spicule protraction during reproduction (Liu et al., 2007) . Therefore, in nematodes, GARs function both in the central and peripheral nervous systems. This is also true for vertebrate muscarinic receptors, which are involved in a plethora of physiological activities, amongst them: memory (Hamilton and Nathanson, 2001) ; thermoregulation (Gomeza et al., 1999) ; regulating contractility of the heart, urinary bladder, trachea and stomach (Stengel et al., 2000) ; constriction of the pupils and control of salivation (Matsui et al., 2000) ; cerebral vasodilation (Yamada et al., 2001 ) and modulation of dopaminergic neurotransmission in the CNS (Gerber et al., 2001; Zhang et al., 2002) .
Evidence for GARs in parasitic nematodes is less explicit and is based on the responses of parasite tissue preparations to classical muscarinic ligands. Colquhoun et al. (1991) initially described a mixed cholinergic pharmacology in Ascaris somatic musculature; the muscarinic agonists muscarone, furtrethonium and arecoline produced muscle depolarization but the majority tested were either weak or ineffective. Also, the archetypal muscarinic antagonist, atropine, was found to be a poor antagonist of the parasite "muscarinic" receptor, a finding confirmed by others (Segerberg and Stretton, 1993; Martin and Valkanov, 1996) . Segerberg and Stretton (1993) also found that the muscarinic antagonist N-methyl-scopolamine was somewhat ineffective. These studies indicate that parasitic nematodes possess GARs albeit with pharmacology that, although similar to mammalian muscarinic receptors, is clearly not identical.
Involvement in key nematode behaviours such as sensory perception, locomotion, pharyngeal pumping and reproduction earmarks GARs for consideration as potential drug targets for controlling nematode parasites but specific knowledge of GAR form and function in parasitic species is lacking. Here we address this by identifying a transcript that encodes a putative GAR from the gastrointestinal roundworm Ascaris suum. This receptor appears analogous to C. elegans GAR-1 in terms of structure and perhaps function, as it is expressed in a manner generally conserved to that of GAR-1 in the head and tail of adult worms. Functional expression of the receptor with a yeast-based system revealed AsGAR-1 has atypical muscarinic pharmacology that may make it therapeutically discernable from host muscarinic receptors.
Materials and methods

Parasite Material
Adult Ascaris suum were collected from a local abattoir, transported to the laboratory and maintained at 33°C, in Locke's solution (NaCl, 155 mM; KCl, 5 mM; CaCl 2 , 2 mM; NaHCO 3 , 1.5 mM; glucose, 5 mM).
Rapid Amplification of cDNA Ends (RACE)
Total RNA was extracted from an adult female Ascaris fresh tissue preparation using TRI Reagent (Sigma); mRNA was then purified from this extract using the Dynabeads mRNA Purification Kit (Dynal Biotech). cDNA suitable for rapid amplification of cDNA ends (RACE) PCR was constructed from the Ascaris mRNA using the SMART RACE cDNA Amplification Kit (Clontech) and used as a template in RACE PCR with either a 5′ RACE primer (5′ GCAATAAGCGTTGTCCAATAGTAAACAAC 3′) or 3′ RACE primer (5′ CATTGGCAATGCGATGGTCATTGTGG 3′) designed from expressed sequence tag (EST) sequence information (see Results). The components for this reaction were as suggested by the manufacturer and the touchdown PCR cycling conditions were as follows: 94°C for 30 s, 72°C for 3 min (5 cycles); 94°C for 30 s, 70°C for 30 s, 72°C for 3 min (5 cycles); 94°C for 30 s, 68°C for 30 s, 72°C for 3 min (30 cycles). Reactions were performed with a Thermo Hybaid Px2 thermal cycler and visualized on 1.2% agarose gel containing ethidium bromide. Discrete amplicons were gel excised, purified (PureLink Gel Extraction Kit, Invitrogen) and ligated into the pGEM-T Easy vector (Promega) prior to subcloning and sequence analysis. DNA sequencing was edited and aligned using VectorNTI v10.3 software (Invitrogen).
Reverse transcription (RT)-PCR
Adult female Ascaris were dissected and a number of tissue-specific preparations obtained. Sectioning the parasite posterior to the circumpharyngeal nerve ring generated a 'head' preparation consisting of said neuropile, some pharyngeal musculature, body wall muscle and anterior sensory structures. Sectioning the parasite anterior to the perianal nerve ring generated a 'tail' preparation that included the perianal nerve ring and associated posterior sensory structures, body wall muscle and a small amount of intestinal tract. Dorsal and ventral body wall preparations were composed of muscle strips and associated sections of the dorsal and ventral nerve cords, respectively. Finally, the ovijector was dissected and flushed to remove residual eggs.
Total RNA was extracted from each preparation using TRI Reagent and reverse transcribed into cDNA using the RETROscript Kit (Ambion). A relative semi-quantitative multiplex RT-PCR was performed on each cDNA template. We amplified both of the putative receptor isoforms in this reaction and compared their intensity with normalized 18S rRNA. The QuantumRNA 18S Internal Standards Kit (Ambion) was used as a source of primers to amplify the 18S target combined with receptor-specific primers flanking the deletion site in the third intracellular loop (As18SF: 5′ ACCGAACGAAGCAGCGTTGATATGTTAAG 3′; As18SR: 5′ TGACCTGAGCGCATGCATCA 3′). We used Platinum Taq DNA polymerase (Invitrogen) and manufacturer's buffer system for that enzyme in the reaction, which had the following cycle profile: 94°C for 2 min, then 94°C for 30 s, 57°C for 30 s, 72°C for 1 min (35 cycles). Reactions were visualized on a 1.2% agarose gel containing ethidium bromide.
Yeast functional expression
Receptor isoforms were PCR-amplified using primers that added NcoI (5′ GCCATACCATGGACGATTCTTACATCCCTAACG 3′) and BamHI (5′ GCCATAGGATCCTTAAATTGCTTTATTAAAATTTCCAC 3′) to the 5′ and 3′ ends of the amplicon, respectively. These primers were sufficient to amplify both isoforms, clones of which were verified upon later sequencing. Purified amplicons were digested and ligated into NcoI/BamHI linearized yeast expression vector Cp4258, before transformation into JM109 competent Escherichia coli (Promega). Individual clones were selected and Luria-Bertani (LB) broth cultured, the plasmid DNA purified using HiSpeed Plasmid Midi Kit (QIAGEN) and sequenced to confirm receptor orientation and fidelity.
The receptor functional assay is an adaptation of that described by Wang et al. (2006) . The Saccharomyces cerevisiae strains used (CY19043, CY10560, CY13393, CY13395, CY13399 and YEX 108; kindly provided by J. Broach, Princeton University, USA) differed in their expression of G-protein α subunits, allowing differential coupling of receptor activation to a pheromone responsive cell growth pathway. Initial studies indicated that the two AsGAR isoforms expressed most effectively in strain YEX 108 (MATa P FUS1 -HIS3 P GPA1 -Gαq(41)-GPA1-Gαq(5) can1 far1D1442 his3 leu2 lys2 sst2D2 ste14∷trp1∷LYS2 ste18g6-3841 ste3D1156 tbt1-1 trp1 ura3) and therefore this strain was used throughout the study. YEX 108 is identical to the strain used by Wang et al. (2006) except that it expresses a chimeric Gα subunit in which the last five amino acids of yeast Gα (gpa1) are replaced with those of rat Gα q . Mid-log phase cells were transformed with 1 μg receptor/vector construct or 1 μg empty vector (mock-transfected control) in the presence of 200 μg salmon sperm DNA (Invitrogen), according to standard protocols. Positive transformants were selected in leucine-deficient media [1 X YNB (Difco), 1 X yeast synthetic drop-out medium supplement without leucine (Sigma), 10 mM ammonium sulphate (Sigma), 2% glucose] and those colonies expressing the receptor were verified by PCR prior to the functional assay.
For the agonist assay, 4 mL leucine-deficient media was inoculated with receptor-expressing yeast or the mock controls and grown at 30°C until the OD 600 was approximately 1. The cells were washed three times with leucine and histidine deficient medium [1 X YNB (Difco), 1 X yeast synthetic drop out medium supplement without leucine, tryptophan, uracil and histidine (Sigma) supplemented with uracil (Sigma) and L-tryptophan (Sigma), 10 mM ammonium sulphate (Sigma), 2% glucose, 50 mM 4-Morpholinepropanesulfonic acid (MOPS), pH 6.8] then resuspended in 1 mL leucine and histidine-deficient media containing 1.5 mM 3-Amino-1,2,4-triazole (Sigma) to a density of ≈ 5-20 cells/μL. Approximately 3,000 cells were added to each well of a black-walled, clear bottom 96 well plate containing the same medium and test agonist in a total volume of 200 μl. Cells were grown at 30°C for approximately 30 h before addition of 20 μL Alamar Blue (Invitrogen). Alamar blue is a cell growth indicator and its reduction results in a blue to pink colour change. Fluorescence (520 nm excitation/560 nm emission) was measured at 30 min intervals for up to 4 h using a FLEXStation plate fluorometer (Molecular Devices) preset at 30°C. For the antagonist assays the same protocol was used but antagonists were also included when cells and agonist were added to the 96 well plate. All drugs used in the study were obtained from Sigma (St. Louis, MO). Assay data analysis and dose-response curve fits were performed using Prizm 5.0 (GraphPad Software, San Diego, CA).
Results
A homolog of GAR-1 is expressed in Ascaris suum
Our hypothesis was that GARs are present in animal parasitic nematodes and that given the degree of structural conservation amongst nematodes, animal parasitic nematodes would share a similar GAR complement to that of C. elegans. To examine this hypothesis, we searched the Ascaris EST data set for GAR orthologs with the tBLASTn algorithm (www.ncbi.nlm.nih.gov/blast) using C. elegans GAR sequences as queries. This approach returned a number of ESTs with varying degrees of similarity to the C. elegans receptors. The EST with highest homology was chosen for further examination. RACE PCR identified a transcript possessing the SL1 spliced leader sequence and a predicted 1,953 nucleotide open reading frame. The 651 amino acid encoded peptide possesses features typical of a rhodopsin class G protein-coupled receptor (GPCR) including seven predicted transmembrane helices with rhodopsin signatures. A comparison of our putative GPCR with a non-redundant protein dataset using the blastp algorithm (http://blast.ncbi.nlm.nih.gov/Blast.cgi) revealed the peptide encoded on our transcript most closely aligns with acetylcholine GPCRs and, in particular, invertebrate GARs. The most closely related molecule is C. elegans GAR-1, which is 50% identical to our putative Ascaris receptor at the amino acid level (see Fig.1A ) and when the variable third intracellular (i3) loop is subtracted, this homology rises to 78% identity. Thus, we believe the putative Ascaris receptor constitutes a GAR-1 ortholog and have designated it AsGAR-1 accordingly. The most similar muscarinic receptor is M2, which is 21% identical to AsGAR-1. Further RT-PCR and sequence analysis of the AsGAR-1 open reading frame indicated the presence of an alternatively spliced isoform of the receptor, identical to the first save for a 27 amino acid deletion in the predicted i3 loop. Examination of this deletion did not reveal any motifs that would denote predictable functionality other than a possible conserved tyrosine phosphorylation site that is not present in the shorter isoform (see Fig. 1A ). Caenorhabditis elegans GARs also display alternate splicing, resulting in multiple receptor isoforms that, like AsGAR-1, vary with respect to i3 loop deletions (Park et al., , 2003 Suh et al., 2001) . In keeping with the adopted C. elegans nomenclature, the longer Ascaris isoform was designated AsGAR-1a and the shorter isoform AsGAR-1b.
AsGAR-1 displays tissue-specific distribution
Caenorhabditis elegans GARs are expressed in a tissue-specific manner; for example, GAR-1 is expressed in a set of ciliated sensory neurons in the head of C. elegans and in the PVM mechanosensory neuron . Also, although all GAR splice variants are expressed in a temporally similar manner, typically through all life cycle stages, one isoform is expressed athigher levels than the others (Park et al., , 2003 Suh et al., 2001) . To examine the gross spatial distribution of AsGAR-1, and also to examine the relative expression levels of the two AsGAR-1 isoforms, we used a multiplexed relative semi-quantitative RT-PCR protocol, with 18S rRNA as our internal standard, performed on RNA extracted from tissue-specific preparations.
AsGAR-1 could be amplified from two of our RNA preparations, the 'head' and 'tail' (Fig.  1B) . The 'head' preparation was generated from the circumpharyngeal nerve ring and anterior sensory structures and included some body wall and pharyngeal muscle. Amplification of AsGAR-1 from this preparation indicates expression in one or more of these structures. The 'tail' preparation contained RNA from the perianal nerve ring and posterior sensory structures as well as body wall muscle and a small section of gut. A positive PCR result also indicates AsGAR-1 expression in one or more of these structures. There was no amplification of the receptor from the dorsal or ventral body wall muscle or ovijector RNA preparations. Both AsGAR-1 isoforms were amplified from the 'head' and 'tail' RNA although the longer isoform (AsGAR-1a) was expressed more strongly in both cases, approximately nine-fold more than the shorter isoform.
AsGAR-1 is an acetylcholine receptor
AsGAR-1 has high sequence homology to known ACh GPCRs. To determine whether AsGAR-1 is an ACh receptor we monitored the response of the putative receptor to ACh using a histidine auxotrophic yeast functional expression assay (Wang et al., 2006) . Briefly, the GPCR of interest is expressed in a modified auxotrophic yeast strain that carries the His3 reporter gene under the transcriptional control of the pheromone-responsive FUS1 promoter. His3 confers the ability to synthesize histidine and the FUS1 promoter links this synthesis to an endogenous pheromone-signaling pathway. It is this pathway that is stimulated by activation of the heterologous GPCR. Thus, in histidine-deficient media, receptor expression and activation will induce yeast growth. We were able to output yeast growth as fluorescence through the addition of Alamar Blue (Invitrogen). Reduction of this dye by the reproducing yeast produces a colour change from dark blue to hot pink that can be measured fluorometrically. Receptor activation was calculated as increased yeast growth relative to mock-transfected control tested on the same 96-well plate.
AsGAR-1 shows some constitutive activity when expressed in yeast. Cultures transformed with AsGAR-1a or -1b plasmids showed approximately three to four times more cell growth than the mock-transfected control in the absence of test ligand ( Fig. 2A) . The receptor was further activated, however, when the cells were treated with ACh. ACh (10 -4 M) activated AsGAR-1, producing a 15 ± 3 -fold growth increase in yeast expressing AsGAR-1a (n = 8, P = < 0.05), and a 13.4 ± 0.8 -fold increase in growth in yeast expressing AsGAR-1b (n = 9, P = < 0.05)(see Fig. 2A and B) . The response to ACh between the two strains was not significantly different. To confirm this response was ACh-specific we screened the two receptors with other potential ligands. Phylogenetic analysis indicated that AsGAR-1 was similar to both GARs identified from other invertebrates and vertebrate muscarinic receptors but the next most related cluster of GPCRs were invertebrate biogenic amine receptors. We therefore screened AsGAR-1 with a panel of aminergic neurotransmitters. None of these small signaling molecules significantly activated either AsGAR-1 isoform, suggesting ACh specifically activates these receptors ( Fig. 2A and B) . Subsequent experiments to pharmacologically profile AsGAR-1 used the b isoform in the YEX 108 yeast strain. AsGAR-1b was chosen because although both isoforms responded in a similar manner to potential ligands, in combination with YEX 108 it gave the most consistent responses. Using this pairing, the AsGAR-1 response to ACh was found to be concentrationdependent (see Fig. 2E ) with a half maximal effective concentration (EC 50 ) of 20.3 ± 1.7 μM.
AsGAR-1 displays atypical "muscarinic" pharmacology
Invertebrate GARs have notable sequence homology to vertebrate muscarinic receptors but there is evidence that GARs are pharmacologically distinct. In terms of agonists for example, C. elegans GAR-2 was found to be unresponsive to the muscarinic agonists arecoline and oxotremorine Suh et al., 2001) . Similarly for antagonists, the same receptor was not blocked by atropine , an antagonist that classically defines muscariniclike pharmacology. Our hypothesis was AsGAR-1 would show a pharmacological profile similar to C. elegans GARs and different from vertebrate muscarinic receptors. To test this hypothesis we first screened AsGAR-1 with a panel of cholinergic agonists at 10 -4 M (see Fig.  2C ). The most potent of these compounds was carbachol, a non-selective cholinergic agonist, which elicited a 10.8 ± 1.7 fold increase in yeast growth relative to mock-transfected yeast (n = 4, P ≤0.05). Arecoline increased yeast growth 10.2 ± 1.6 -fold (n = 4, P ≤0.05). The vertebrate muscarinic agonists oxotremorine M and bethanechol were less potent, producing an 8.2 ± 1.7 -fold increase (n = 3, P ≤0.05) and a 7.7 ± 0.8 -fold increase (n = 3, P ≤0.05) in yeast growth, respectively. Finally, the muscarinic agonist pilocarpine produced a modest 1.9 ± 0.5 -fold increase in yeast growth, which was not significant (n = 3, P = 0.07). In summary, the relative rank order potency of cholinergic agonists at AsGAR-1 was ACh > carbachol = arecoline > oxotremorine M > bethanechol ≫pilocarpine.
Next we examined the ability of some muscarinic antagonists to block AsGAR-1 activation by ACh. To do this, antagonists were tested at 10 -4 M in the presence of 10 -4 M ACh. Yeast growth in the presence of antagonist with ACh was expressed as a percentage of growth in Ach alone. Further, antagonists were tested in media supplemented with histidine to confirm that any observed growth inhibition was due to receptor antagonism and not cytotoxicity. Atropine reduced yeast growth to 37.8 ± 15.1% of control, blocking AsGAR-1 activation by 62.2%. Two other muscarinic antagonists were less effective. Pirenzepine reduced yeast growth to 76.6 ± 10.7% of control (a 23.4% decrease in AsGAR-1 activation) and scopolamine reduced yeast growth to 85.9 ± 11.7% of control (14.1% inhibition).
As described earlier, we screened AsGAR-1 with biogenic amines due to shared sequence homology between AsGAR-1 and biogenic amine GPCRs but found that none of the amines activated our receptor. Extending this rationale, we also tested some antagonists of biogenic amine receptors at 10 -4 M for their ability to block AsGAR-1 (Fig. 2D ). We first tested some known histamine receptor antagonists and found that promethazine, a H1 receptor blocker, reduced AsGAR-1 activation to 10 ± 3.5% of control. This was the most potent AsGAR-1 blocker identified in our study; promethazine inhibition was concentration-dependent with a half maximal inhibitory concentration (IC 50 ) of 17.6 ± 4.2 μM (Fig. 2F) . Another H1 receptor blocker, diphenhydramine, was much less effective and actually increased yeast growth slightly (106.6 ± 8.5% of control). The H2 receptor antagonist cimetidine elicited a mild blockade of AsGAR-1 to 83.9 ± 5.5% of control. Spiperone, a potent dopamine and serotonin receptor antagonist also partially blocked ACh activation of AsGAR-1, reducing yeast growth to 52.8 ± 7.6% of control. Our final antagonists tested were adrenergic receptor blockers and both were effective at antagonizing ACh activation of AsGAR-1. Mianserin, a α2-adrenergic and serotonergic receptor antagonist, reduced yeast growth to 24 ± 0.1% of control while propranolol, a non-selective β-adrenergic receptor blocker, reduced yeast growth to 41.2 ± 8.9% of control levels. To summarize, the rank order potency of those antagonists tested was promethazine > mianserin > atropine > propranolol > spiperone > pirenzepine > cimetidine >scopolamine > diphenhydramine. None of the compounds impaired yeast growth in the presence of histidine indicating the inhibition observed was receptor-specific.
Discussion
Here we found that the pig gastrointestinal roundworm, A. suum, has a GAR that is structurally and likely functionally orthologous to a GAR present in C. elegans. In terms of structural homology, AsGAR-1 possesses features consistent with GARs beyond that of sequence identity, for example, the expression of multiple isoforms of the receptor. Vertebrate muscarinic receptors do not display alternative splicing whereas this appears to be a feature of invertebrate GARs; all three C. elegans GARs are alternatively spliced (Park et al., , 2003 Suh et al., 2001 ) and the Drosophila melanogaster ACh GPCR characterized by Millar et al. (1995) also shows splicing (NCBI Reference Sequences NP 523844.2 and NP 726440.1). Each of these variants differs from their canonical receptors by deletions in the i3 loops, more specifically, towards the middle of these highly variable regions. The physiological significance of these deletions is unclear. Even between receptors with high overall homology such as AsGAR-1 and C. elegans GAR-1, the i3 loops share little similarity and the deletions here do not appear to be conserved either in terms of their locations or the amino acids deleted. One possibility is that because the i3 loop plays a role in G-protein coupling, these deletions may have an effect on receptor/G-protein interaction or the specificity of that interaction. It seems more likely, however, that this is not the case as no isoform-specific G-protein preference was noted during the functional expression of C. elegans GARs, which also have deletions in the middle of the i3 loop (Park et al., , 2003 Suh et al., 2001) . Further, the key muscarinic receptor motifs determining GPCR/G-protein interaction and the selectivity of that interaction are located in the i2 loop and at the N-and C-termini of the i3 loop (Kunkel and Peralta, 1993; Blüml et al., 1994a, b; Zhu et al., 1994; Blin et al., 1995; Burstein et al., 1995; Högger et al., 1995; Jones et al., 1995; Liu et al., 1995) , not in the middle of the i3 loop where the GAR deletions typically manifest. A more likely physiological consequence of these deletion events may be an alteration in agonist-induced receptor desensitization and internalization. Muscarinic receptor desensitization occurs via receptor phosphorylation , typically by protein kinase C (PKC) and/or G protein-receptor kinases (GRK) at conserved serine and threonine sites in the i3 loop (Haga et al., , 1996 Kameyama et al., 1994; Nakata et al., 1994; Pals-Rylaarsdam et al., 1995; Pals-Rylaarsdam and Hosey, 1997) . Deletion events removing the major phosphorylation sites could alter the kinetics of receptor desensitization. The 27 amino acid deletion in AsGAR-1b removes a conserved tyrosine phosphorylation site (see Fig. 1 ) that, although different to the serine and threonine residues that typically serve as substrates for PKC and GRK, may alter the signaling properties of AsGAR-1b.
Demonstrating functional GAR homology between A. suum and C. elegans is more difficult but we provide preliminary evidence that suggests AsGAR-1 could serve a similar functional role to GAR-1 in C. elegans. This is based on a broadly conserved expression pattern. used a GAR-1 promoter-GFP fusion approach to demonstrate the expression of GAR-1 in a subset of C. elegans amphidial sensory neurons, and also in the PVM mechanosensory (stretch) neuron. This strongly supports a role for GAR-1 in mediating or modulating nematode sensory perception. We demonstrated AsGAR-1 expression in the head and tail of Ascaris. These were fairly complex tissue preparations and being more explicit about cellular expression is difficult. Both head and tail preparations contained RNA from sensory structures (anterior amphids, posterior phasmids), nerve rings, somatic and visceral musculature but a lack of receptor expression in body wall muscle supports the hypothesis that AsGAR-1 is expressed in areas where sensory and neuronal elements are enriched. In broad terms the AsGAR-1 expression pattern is similar to that of GAR-1 in C. elegans and a conserved functional role in sensory perception could be hypothesized. In addition to this presumed role in sensory perception, Keating et al. (2003) observed a "sluggish" GAR-1 RNAi phenotype with a decrease in the number of body bends per minute compared with the normal nematode sinusoidal waveform. It may be that GAR-1, like GAR-2, is also a component of the circuits that regulate nematode locomotion adding to its attractiveness as a possible drug target. Further study using a more visual in situ approach such as immunocytochemistry or in situ hybridization will help delineate AsGAR-1 expression in Ascaris and shed light on its functionality in this parasite.
Using a yeast expression assay we were able to develop a pharmacological profile of AsGAR-1. Our hypothesis was that this profile would resemble that of C. elegans GAR-1 and be different to classical muscarinic pharmacology. In terms of agonist activation, this was generally found to be the case. Our rank order of agonist potency at AsGAR-1 correlated with what is known of GAR-1, but importantly was different to that of vertebrate muscarinic receptors. Specifically, we found pilocarpine to be an ineffective agonist of AsGAR-1 whereas it is an effective agonist at the M2 receptor, albeit less potent than other classical muscarinic agonists (McKinney et al., 1991; Lazareno et al., 1993; Bräuner-Osborne and Brann, 1996) . Examination of the antagonist profile also supports our hypothesis, underlining the pharmacological differences between GARs and muscarinic receptors. Atropine inhibited ACh activation of AsGAR-1 by 62% but inhibited the M2 muscarinic receptor by 90% . Pirenzepine inhibited ACh activation of AsGAR-1 by 23%, but M2 by 84% . Finally, scopolamine inhibited ACh activation of AsGAR-1 by 14%, but M2 by 98% . Clearly the classical muscarinic antagonists have much reduced efficacy at the parasite receptor. The pharmacological differences between GARs and muscarinic receptors may lie in the conservation, or lack thereof, of key amino acids that define the ligand receptor interaction. Numerous amino acids in the transmembrane domains and extracellular loops of muscarinic receptors have been defined as important for ligand binding and stabilization of the active state of the receptor (Wess et al., 1991; Heitz et al., 1999; Hulme et al., 2001 ). Many of these residues are conserved between muscarinic receptors and AsGAR-1 but, importantly, several are not, including the critical tryptophan at position 155 of the M2 receptor (W155), N404, T187 and T190. Such amino acid variation could result in the altered pharmacological profile we observed.
Further evidence for the pharmacological distinction between GARs and muscarinic receptors was provided by the response of AsGAR-1 to select amine receptor antagonists. Some histamine receptor antagonists are widely known to have anticholinergic effects but we found their activity at AsGAR-1 to be different to that at muscarinic receptors. Promethazine, an H1 receptor antagonist, diphenhydramine, an H1 antagonist, and cimetidine, an H2 antagonist, all display varying degrees of vertebrate muscarinic receptor antagonism (Kubo et al., 1987; Gwee and Cheah, 1990; Orzechowski et al., 2005; Liu et al., 2006) . Only promethazine was an effective antagonist of AsGAR-1. Mianserin is an antagonist at α2 adrenergic receptors and peripheral 5-HT and histamine receptors (for review, see Marshall, 1983 ) and although it is a very weak muscarinic receptor antagonist (Richelson and Nelson, 1984) it is an effective AsGAR-1 antagonist at the concentration tested. Finally, propranolol and spiperone were somewhat effective AsGAR-1 antagonists but have not been reported to have any antimuscarinic actions. Ultimately, assessment of the ligand activity at AsGAR-1 observed in this study leads to the conclusion that AsGAR-1 displays, at best, atypical muscarinic pharmacology.
In this study we used the yeast, Saccharomyces cerevisiae, as a host for the heterologous expression of AsGAR-1. Saccharomyces cerevisiae is a relatively familiar vehicle for GPCR expression and has been used previously to study muscarinic receptors (Schmidt et al., 2003; Scarselli et al., 2007) , but its utility for invertebrate GPCR expression is less well reported (Minic et al., 2005) . We believe that the technique employed here is a useful addition to the parasitologist's toolbox. In our experience this application has several advantages over receptor expression in alternative cell lines. Yeasts are highly amenable to genetic transformation and obtaining stably transfected lines is more straightforward and rapid than for mammalian or insect cell lines. Once optimized, we found both agonist and antagonist assays to be robust and highly suited to our high-throughput platform (FLEXStation, Molecular Devices). The yeast system was more cost effective than other assays we have used as expensive media and cultureware were generally not required. Finally, this yeast assay was amenable to AsGAR-1 expression when other cell lines were not; we unsuccessfully attempted AsGAR-1 expression in two commonly used mammalian cell lines ) and the insect cell line, Sf9, and in each case, although we successfully transfected each cell line and observed mRNA transcription, no functional protein could be detected. In our hands, only two downsides to this assay were noted. Firstly, we observed an overall decrease in the potency of ligands, both agonists and antagonists, compared with other functional expression formats. For example, the AsGAR-1 ACh EC 50 was 20.3 ± 1.7 μM, between one and two orders of magnitude higher than the approximate EC 50 for C. elegans GAR-1 expressed in Xenopus oocytes . Others have observed similar potency decreases compared with other assay formats (Wang et al., 2006) which may be attributable either to accessibility of the receptor to ligand (a factor of the thick yeast cell wall), or to imperfect interaction between the exogenous receptor and the endogenous signaling mechanism. For this reason, high concentrations of agonist and antagonist were used in this study. A second downside to the assay was a degree of AsGAR-1 constitutive activity, which was manifest as yeast growth in response to no drug (see Fig. 2A ). Relative to receptor activation by ACh, the level of constitutive activity encountered was small and not a hindrance to AsGAR-1 deorphanization. Previous investigators have not reported consistent constitutive receptor activity using this expression system so this activity may not be a problem inherent to the assay platform but rather, particular to AsGAR-1.
Two criteria are important in the validation of a molecule as a potential novel drug target for nematode control. One is that the molecule plays an important biological role, such that interference with that molecule is detrimental to the parasite. A second is that the parasite molecule can be selectively targeted relative to the host. Further work will be required to define the physiological role of AsGAR-1 but we provide some evidence that its function is conserved with that of the C. elegans ortholog, GAR-1. Thus we may find that Ascaris GARs are also involved in sensory perception, regulation of locomotion, pharyngeal contractility and reproduction; all are attractive targets for chemotherapeutic intervention. We have also demonstrated that AsGAR-1 is pharmacologically different to vertebrate muscarinic receptors. This opens the door to the possibility of drugs acting selectively on parasite GARs and not host G protein-coupled Ach receptors. On this basis, parasitic nematode GARs warrant further investigation as potential novel drug targets.
